Pelletier RM, Akpovi CD, Chen L, Day R, Vitale ML. CX43 expression, phosphorylation, and distribution in the normal and autoimmune orchitic testis with a look at gap junctions joining germ cell to germ cell. Am J Physiol Regul Integr Comp Physiol 300: R121-R139, 2011. First published October 20, 2010 doi:10.1152/ajpregu.00500.2010.-Spermatogenesis requires connexin 43 (Cx43).This study examines normal gene transcription, translation, and phosphorylation of Cx43 to define its role on germ cell growth and Sertoli cell's differentiation, and identifies abnormalities arising from spontaneous autoimmune orchitis (AIO) in mink, a seasonal breeder and a natural model for autoimmunity. Northern blot analysis detected 2.8-and a 3.7-kb Cx43 mRNA bands in seminiferous tubule-enriched fractions. Cx43 mRNA increased in seminiferous tubule-enriched fractions throughout development and then seasonally with the completion of spermatogenesis. Cx43 protein levels increased transiently during the colonization of the tubules by the early-stage spermatocytes. Cx43 phosphorylated (PCx43) and nonphosphorylated (NPCx43) in Ser368 decreased during the periods of completion of meiosis and Sertoli cell differentiation, while Cx43 mRNA remained elevated throughout. PCx43 labeled chiefly the plasma membrane except by stage VII when vesicles were also labeled in Sertoli cells. Vesicles and lysosomes in Sertoli cells and the Golgi apparatus in the round spermatids were NPCx43 positive. A decrease in Cx43 gene expression was matched by a Cx43 protein increase in the early, not the late, phase of AIO. Total Cx43 and PCx43 decreased with the advance of orchitis. The study makes a novel finding of gap junctions connecting germ cells. The data indicate that Cx43 protein expression and phosphorylation in Ser368 are stage-specific events that may locally influence the acquisition of meiotic competence and the Sertoli cell differentiation in normal testis. AIO modifies Cx43 levels, suggesting changes in Cx43-mediated intercommunication and spermatogenic activity in response to cytokines imbalances in Sertoli cells.
THE GAP JUNCTIONS ARE MADE up of multimeric channels individually built of transmembrane segments of proteins: the connexins (Cxs) (42, 47) , which belong to a multigene family (87) . The oligomerization of Cxs into hemichannels, termed connexons, occurs after proteins exit the endoplasmic reticulum (25, 36) . Each contacting cell contributes one homomeric or heteromeric hemichannel to the cell surface. The pairing of hemichannels results in homotypic or heterotypic gap junctional channels that assemble into junctional plaques joining cells (35) . The permeability, voltage gating, and abilities of the gap junction channels to interact with other connexins in neighboring cells is, in part, dictated by the molecular diversity of their constituents, the Cxs (7, 86) . Gap junction communication involves either passage of small ions like potassium or exchanges of small molecules, such as cyclic nucleotides, between intercommunicating cells (86) . The mode of gap communication e.g., ionic coupling (mediating passage of small ions like potassium) or biochemical coupling (favoring exchanges of small molecules such as cyclic nucleotides) will be prescribed by the identity of Cxs available to cells. Since most cells express more than one Cx, the molecular diversity of individual hemichannels results in heterotypic gap junctions channels that influence cellular growth and differentiation by either providing or precluding passage of regulatory molecules between cells (12, 35) . As well, the molecular identity of Cxs in the intercommunicating cells imposes the properties of a signaling route (86) . The several routes of gap junction communication differing by their permeability and gating characteristics among the seminiferous tubules (68) are in echo of the various Cx mRNAs identified in the Sertoli cells and germ cells and suggest a structurally diverse and cell-type specificity (6, 66) . Connexin 43 (Cx43) , is the most abundant connexin species expressed in testis (5, 6, 64, 66) . The biological significance of Cx43 in testicular physiology stems from the observations that Cx43-mediated intercellular communication is required for postnatal expansion of the male germ cell line (30, 69) . The report that replacement of Cx43 with Cx40 resulted in sterile mice with Sertoli-cell-only phenotype further evidenced the biological relevance of Cx43-mediated gap junctions in male reproduction (65). Even knockin of Cx43 for Cx40 or of Cx32 failed to restore spermatogenesis and mitosis of spermatogonia, although it corrected the cardiac malformation defects of Cx43-deficient mice (65). In Sertoli cell-specific knockout of Cx43 mice, spermatogenesis was absent and Sertoli cell maturation was impaired (10) .
Most epithelia contain only somatic cells, but the seminiferous epithelium contains two cell types: the somatic cells and the germinal cells. The occluding zonules that unite somatic Sertoli cells seal the paracellular route creating a blood-testis barrier (14, 53, 55) for the late-stage germ cells that are constrained to rely on gap junction-mediated communication with the Sertoli cells for physiological support or to execute functions irresolvable to germ cells (54) . Because many germ cells living through different developmental stages and expressing distinct physiological requirements are connected with the same single sessile Sertoli cell, the transmission of information among cells must be capable to locally influence the individual germ cell growth and differentiation. In this context, the diversity of the Cxs, as well as in their phosphorylation state, may impinge on the gap communication of the many germ cells connected with the same Sertoli cell to locally regulate the acquisition of meiotic competence and the Sertoli cell differentiation. Phosphorylation changes Cx43 conformation, which in turn, alters its capacity to interact with other connexins in neighboring cells (38) and other functions (4) . In particular, phosphorylation of Cx43 in Ser368 affects the protein insertion into the plasma membrane (39) and its degradation (37) , as well as the conductance/closure of gap junction channels (38, 79) . PKC-induced phosphorylation of Cx43 in Ser368 first causes an increase in junction permeability to Lucifer yellow and then a decrease, despite a sustained augmentation in Cx43 phosphorylation in pituitary a folliculostellate cell line (44) .
This study considers the impact of Cx43 gene transcription, translation, and phosphorylation on gap junction-mediated intercellular communication and its influence on mitosis/meiosis and Sertoli cell's differentiation in the normal testis and assesses the aberrations in these processes caused by spontaneous autoimmune orchitis (AIO). Here, we choose to use the mink (Mustela vison), an obligate seasonal breeder characterized by an annual reproductive cycle showing an active spermatogenic phase yearly reenacting puberty, followed by a natural testicular regression that also emulates puberty but in reverse sequence (50, 51) . Germ cell growth and Sertoli cell's polarity are naturally and reversibly modified during each annual reproductive cycle in addition to during development in mink. In addition, male infertility has been associated with sperm antibodies and/or autoimmune diseases that disrupt germ cell growth and Sertoli cell differentiation (43) . In humans, spontaneous AIO is characterized by a noninfectious granulomatous orchitis, spermatogenic arrest, and deposits of immunocomplexes in the basement membrane, which are often accompanied by infectious disease resulting from systemic viral infection (40, 73) . Like in humans (45) , AIO develops spontaneously in mink in which 30% of the black fur-coated ones are affected (63, 83) . This eliminates side effects of adjuvants unavoidably induced by experimental AIO (58) . Immunological male infertility is associated with pathological features that resemble granulomatous orchitis reported in mink with AIO (80). Because we (63) and others (81, 82) showed that spontaneous AIO alters Sertoli cells' polarity as evidenced by the closure of the lumen of mink seminiferous tubules and causes spermatogenic arrest and because evidence showed that Cx expression influences cellular growth and cell polarity in other systems (33), we assessed the aberrations in gene transcription and phosphorylation of Cx43 arising from spontaneous AIO.
This study makes a novel finding regarding gap junctions joining adjacent germ cells and suggests a local influence of this type of intercellular communication on germ cell growth. The data highlight a relation of Cx43 gene expression, translation, and posttranslational phosphorylation of Cx43 with the acquisition of meiotic competence and Sertoli cell differentiation. Moreover, the findings indicate that AIO modifies the synthesis and degradation of Cx43 and causes spermatogenic arrest. The results suggest a relation between changes in Cx43-mediated intercommunication and the response to AIOinduced cytokines imbalances in Sertoli cells.
MATERIALS AND METHODS

Animals
Postnatal testicular development extends 270 days in mink (Mustela vison). The reversible testicular changes typical of the seasonal regression provide a unique opportunity to distinguish factors acting on Cx43-mediated gap junctions during development from those that regulate their natural assembly/dismantling during the seasonal reproductive annual cycle in the normal adult and to evaluate the disruption of these processes caused by spontaneous AIO. Mink were purchased from Visonnière (St. Damase, QC, Canada) and were individually caged, receiving food and water at libitum with natural lighting. Anesthesia was carried out by intraperitoneal injection of 0.9 ml/kg body wt of phenobarbital sodium (Somnotol; MCI Pharmaceutical, Mississauga, ON, Canada) and 0.15 ml/kg of a solution of 0.3 g/ml chloral hydrate. The right testis was processed for immunohistochemistry and microscopy studies; the left testis was used for tissue fractions. The experimental protocol was approved by the Université de Montréal animal care committee.
Normal mink. In total, 135 mink were used: 10 neonatal, 10 pubertal, and 5 adult for each time interval. Developmental studies were performed on normal testes harvested every 30-day interval from 90 to 270 days after birth. For studies performed during the annual reproductive cycle, tissues were collected from 2-to 3-yr-old fertile adults the last week of each month.
Infertile mink with AIO. Black and Sapphire (genetically related to black) mink were used. Only 2-to 3-yr-old mink that had mated and sired at least five litters in the previous year but were sterile during the current year and that were diagnosed with secondary infertility due to spontaneous AIO (83) were used.
Criteria of fertility. The ejaculated semen was recovered from vaginal lavage was evaluated under the light microscope, and the morphology, motility, and number of spermatozoa were assessed in March. Anti-sperm antibody levels in serum were measured (3, 63) . Only mink with low sperm counts or immobile spermatozoa, high antibody levels, and histopathology of the testis showing leucocyte infiltration and destruction of the seminiferous epithelium at autopsy were diagnosed with secondary infertility and used in this study: 10 adults with spontaneous AIO in February and 10 others in March.
Antibodies
We found that most antibodies that recognize human proteins recognize mink proteins.
Antibodies against Cx43. Four distinct antibodies were used: 1) an affinity-purified antiserum raised in rabbits against a synthetic peptide corresponding to the amino acid sequence 282-297 of Cx43 (26) that recognize both phosphorylated and nonphosphorylated forms of Cx43 had been generously provided by W. J. Larsen; 2) a rabbit polyclonal antibody that recognizes all forms (phosphorylated and nonphosphorylated) of Cx43 (PanCx43) and that was raised in rabbits against a synthetic peptide corresponding to the amino acid sequence 363-382 of human Cx43 was purchased from Sigma (Windsor, ON, Canada); 3) a mouse monoclonal antibody that only recognizes Cx43 when not phosphorylated in Ser368 (NPCx43) but still recognizes Cx43 when phosphorylated on other residues was purchased from Zymed Laboratories (San Francisco, CA); and 4) a rabbit polyclonal antibody that only recognizes Cx43 phosphorylated in Ser368 (PCx43) and developed against a synthetic phospho-peptide corresponding to residues surrounding Ser368 of human Cx43 was acquired from Chemicon (Temecula, CA).
Other antibodies. Horseradish peroxidase (HRP)-conjugated antimouse IgG, HRP-conjugated anti-rabbit IgG, biotinylated anti-rabbit F(ab=)2, and biotinylated anti-mouse F(ab=)2, were obtained from Jackson Immunochemicals (West Grove, PA).
Protein Quantification
Proteins in samples were assayed by the method of Bradford (8) using materials from Bio-Rad (Mississauga, ON, Canada).
Seminiferous tubule-enriched fractions. Freshly decapsulated testes were processed for isolation of seminiferous tubule-enriched fractions (STf) either with (32, 59, 61) or without mild collagenase digestion (2) and characterized under the microscope (2) .
Lysosome-enriched fraction. The STf from three normal adult mink were submitted to a multistep centrifugation procedure (19, 85) that we adapted for seminiferous tubule-enriched fractions (31) . STf homogenates were centrifuged at low speed to remove nuclei and cell debris. The supernatant was centrifuged at 82,000 g for 7 min in a Beckman XL-70 Ultracentrifuge (SW60 rotor; Beckman Canada, Mississauga, ON, Canada). The pellet was resuspended in 30% metrizamide and placed at the bottom of a discontinuous gradient made up of 26, 24, and 19% metrizamide and centrifuged at 95,000 g for 2 h. The lysosome-enriched fraction was recovered in the 19 -24% interface (28) and characterized as described before (31) .
Electrophoresis and Western Blot Analyses
Total proteins in the homogenates (25 g) were separated by 10% SDS-PAGE and transferred onto nitrocellulose membranes as previously described (61) . Membranes were blocked with 5% skim milk in TBS (137 mM NaCL, 27 mM KCl, 25 mM Tris·HCl pH 7.4) for 1 h at 37°C before being incubated either with 1) Cx43 antibody (1: 20,000) from W. J. Larsen; or 2) PanCx43 antibody (1:20,000); or 3) NPCx43 antibody (1:200); or 4) PCx43 (1:400). Antibody dilutions were prepared in 5% skim milk-TBS. The membranes were washed in TBS containing 0.05% Tween 20 and incubated with a corresponding secondary antibody conjugated to HRP for 1 h at room temperature. The antigen-antibody complexes were detected by chemiluminescence (Lumiligt; Roche, Laval, QC, Canada). The density of the Cx43 bands was quantified by laser scanning using the public Scion Image Software (1998; Scioncorp, Frederick, MD).
Alkaline phosphatase treatment. Fifty micrograms of proteins of STf homogenate or lysosome subfractions were incubated with 5-15 units of calf intestine alkaline phosphatase (Boehringer Mannheim, Ingelheim, Germany) in 30 l of digestion buffer (10 mM MgCl 2, 1 mM ZnCl2 50 mM Tris·HCl pH 8.0) for 2 h at 37°C. The reaction was stopped by incubating the samples with 10% trichloroacetic acid for 30 min at 4°C. Pellets were washed in cold acetone, dissolved in sample buffer, and boiled for 3 min. Then 30 g proteins were applied per lane and separated by SDS-PAGE followed by Western blot analysis with Cx43 antibodies.
Cx43 probes. The mink connexin probes were prepared by RT-PCR amplification on mink STf. After reverse transcription, the sense primer 5=-ACATGGGTGACTGGAGTGCCTT-3= and the antisense primer 5=-GCATGAAGATGATGAAGATGGTTTTCTCCGTGGG-3= were used. The primers were based on homology alignments of the rat and bovine sequences (accession nos. M19317 and J05535). The resulting cDNAs were of the predicted sizes of 450 nts and were subcloned into the vector PCRII (InVitrogen, Burlington, ON, Canada). The sequences were confirmed by DNA sequencing.
Northern Blot Analyses
Total RNA was extracted by a guanidine isothiocyanate extraction immediately followed by lithium chloride precipitation (18) . Pellets were treated for 3 h at 42°C with proteinase K at a final concentration of 100 g/ml in 0.5% SDS, 50 mM Tris (pH 7.5), and 5 mM EDTA followed by two phenol/chloroform extractions and ethanol precipitation. The samples were resuspended in diethylpyrocarbonate-treated H 2O, and the optical densities were determined at 260 nm and 280 nm. Between 2 and 10 g of total RNA was loaded per lane as determined by the 260-nm reading. The samples were heated for 10 min at 65°C prior to loading. The samples were run on a 1.2% agarose gel containing 20 mM HEPES (pH 7.8), 1 mM EDTA, and 6% formaldehyde. The gel was submerged in 20 mM HEPES (pH 7.8), 1 mM EDTA, and 6% formaldehyde. The samples were transferred from the gel to a nylon filter (Nytran; Schleicher & Schuell, Keene, NH) by capillary action. After blotting, the filters were completely dried, and the RNA was fixed to the filters by long-wave UV irradiation. To identify the location of the 18S and 28S ribosomal RNA species, as well as the position of each marker in the RNA ladder, the filters were stained in 0.02% methylene blue, and 0.3 M sodium acetate (pH 5.5) for 3-5 min, followed by rapid distaining in diethylpyrocarbonate-H 2O. After recording each of the marker positions, the filters were distaining in 0.1 ϫ SSC, 1% SDS for 15 min. The filters were prehybridized at 62°C for 2 h in 400 mM sodium phosphate buffer (pH 7.2) containing 5% SDS, 1 mM EDTA, 1 mg/ml BSA, and 50% formamide. Hybridization began with addition of the [ 32 P]UTP-labeled cRNA probe, which was carried out for 12-16 h at 62°C. The filters were washed in 0.1ϫ SSC, 0.1% SDS, and 1 mM EDTA at 75°C for 2-3 h, and exposed to X-ray film with intensifying screens at Ϫ70°C for times ranging from 5 min to 3 days. Analysis was performed with the public domain software Image (Dr. Wayne Rasband, National Institutes of Health). Integrated optical densities were normalized on those of an internal control of 18S ribosomal RNA. The identity of the PCR products migrating at the predicted size was verified by direct sequencing using the same primers as those for the PCR reaction.
Semiquantification of Cx43 Gene Expression in the STf
Isolation of RNA. Total tissue RNA was isolated using RNeasy Mini kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer's instructions. Briefly, tissues were homogenized in 600 l RLT buffer (Qiagen). The homogenates were transferred into RNeasy minicolumns placed in a 2-ml collection tube with 600 l of 70% ethanol and centrifuged 15 s at 10,000 g in a microcentrifuge. The RNeasy columns binding RNA were washed with buffers RW1 and RPE and transferred into a new 1.5-ml collection tube. The RNA was dissolved with 4 l RNase-free water and detached from the columns by centrifugation. RNase-free DNase I (10 U/l) at a final volume of 4 l was added and heated 30 min at 75°C. The quality and amount of RNA isolated were measured with a spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD).
Preparation of complementary DNA. Complementary DNA (cDNA) was obtained by reverse transcription in the presence of random poly(dT) using Omniscript RT kit (Qiagen). The reaction mixture consisted of a reverse transcriptase buffer (10ϫ), 10 mM 
Cx43, connexin 43; HPRT-1, hypoxanthine phosphoribosyl transferase 1.
oligo(dT), 5 mM deoxyribonucleotide triphosphate (dNTP) mixture, RNase inhibitor (32,600 U/ml), Omniscript reverse transcriptase (4 U/ml), and RNA samples. The total amount of 2 g RNA was reverse transcribed into cDNA at 37°C for 1 h in a 50 l final volume.
Semiquantification
The mRNA expression of Cx43 and of the housekeeper gene hypoxanthine phosphoribosyl transferase 1 (HPRT-1) were measured using primers designed for mink gene (Table 1 ). All primers sequences were generated by Primer Premier Software 5.0 (Premier Biosoft International, Palo Alto, CA), and the specificity was analyzed by BLAST. These primers were purchased from Invitrogen (Carlsbad, CA). PCR reactions were performed in the presence of 0.2 M dNTP, 0.5 M of each primer, and 2.5 units Taq DNA polymerase (Taq PCR core kit) at a final volume of 25 l. Amplification of HPRT-1 cDNA was used as internal control to quantify Cx43 expression in PCRs. For quantification studies, the reactions were performed by 27 cycles. The products of reaction were visualized by electrophoresis in a 1.2% agarose gel, stained with ethidium bromide, and photographed under a UV transilluminator (UVP, Upland, CA). The reaction bands obtained for each time interval studied were scanned with a laser scanner. The values were normalized to those of normal mink STf harvested in February.
Preparation of Tissues for Immunolocalization of Cx43
Testes were perfusion-fixed with Bouin's fixative (52, 59) . Tissues sections mounted on glass slides coated with 3-aminopropyltrithoxylisane (Sigma, St. Louis, MO) that were deparafinized and rehydrated in xylene and ethanol.
Immunolabeling
Endogenous peroxidase activity was inhibited with 0.6% hydrogen peroxide (H 2O2) in 70% ethanol (61) . Unspecific binding was blocked with 0.5% skim milk in TBS containing 0.1% Tween-20 (TBST) for 1 h at 37°C. Next, tissue sections were incubated with (1:12,000) polyclonal affinity-purified antibodies against Cx43 (Larsen) overnight and with goat anti-rabbit IgG conjugated to HRP (1:6,000 in TBST) for 1 h a 37°C. For detection of NPCx43, tissue sections were first permeabilized with 10 mM sodium citrate, pH 6.0 at 90°C for 6 min (74), and incubated with mouse monoclonal anti-NPCx43 antibody (1:5 dilution) overnight at room temperature, then with biotinylated anti-mouse IgG (1:2,000) followed by HRP-conjugated streptavidin (1:200) (Amersham Bio/Can Scientific, Mississauga, ON, Canada) as described before (61) . PCx43 labeling was performed by incubating nonpermeabilized tissue sections with rabbit polyclonal anti-PCx43 antibody (1:10 dilution) overnight and then with biotinylated anti-rabbit F(ab=)2 (1:10,000 dilution) and HRP-conjugated streptavidin (1:200 dilution) (31) for 1 h at room temperature. The sections were washed in TBST after each incubation and were exposed to TBS containing 0.01% H2O2, 0.05% diaminobenzidine tetrachloride (pH 7.7) for 10 min at room temperature (31) . The sections were washed in water and counterstained in a 0.05% aqueous methylene blue, mounted in Permount, and examined on a Carl Zeiss Axiophot 2 fluorescence microscope. The stage-dependent distribution of the different antibodies was evaluated using the identification method of the stages of the cycle of the seminiferous epithelium of Pelletier (50) in mink. The specificity of immunolocalization, was tested in mink heart, kidney, and brain used as positive controls. Additional controls included 1) exposure to antibody preparation preadsorbed with a synthetic peptide corresponding to amino sequence 282-297, 2) the use of the primary antibody alone, and 3) the use of the second antibody alone.
Electron Microscopy
Testes were perfused through the testicular artery first with PBS (154 mM NaCL, 100 mM Na phosphate, pH 7.3) and then with a Months when the blood-testis barrier was permeable to vascularly infused permeability, tracers are shaded, while the months when the barrier was competent, they are not. (G, gonocytes; Pre-A, pre-type A spermatogonia; A0d, A0 spermatogonia dividing; A, type A spermatogonia; PL, pre-leptotene spermatocyte; P, pachytene spermatocyte; 7, step-7 spermatid; 19, step-19 spermatid). The neonatal period extends 90 days after birth. Puberty lasts from the colonization of the tubules by type A spermatogonia to the arrival of spermatozoa in the epididymis 250 days after birth. The first active spermatogenic phase occurs in January-March. Mink breed during the 2nd and 3rd weeks of March. During the so-called inactive phase that follows, mitotic and meiotic activities are reduced and spermatids disappear. The designation of quiescent phase would seem inappropriate since spermatogonial stem cells actively divided (A0d) in August (AUG), thus marking the onset of the seasonal active spermatogenic phase (modified from Refs. 50 and 63). B: mRNA from normal mink seminiferous tubule-enriched fractions (STf) was extracted, subjected to electrophoresis, and hybridized with the connexin 43 (Cx43) probe. Representative Northern blots of intratubular Cx43 mRNA during development [120, 210, and 270 days (d) after birth] and the annual seasonal reproductive cycle (August, December, February, June) are shown. B=: relative intratubular 2.8 (ٌ)-and 3.7-kb Cx43 mRNA () levels plotted in arbitrary units tended to follow similar profiles, increasing from 120 -210 days after birth before leveling off by 270 days. During the seasonal reproductive cycle, Cx43 mRNA levels were low in August but increased by December, peaking by February. C: alkaline phosphatase studies were performed on mink STf from 150-day-old and normal adult as well as from subcellular fractions of lysosomes from normal adult STf. Samples were treated without (C, control) or with alkaline phosphatase (AP). Following treatment, samples were subjected to SDS-PAGE and Western blot analysis with PanCx43 antibody, which recognized 4 bands with a molecular mass of 42-, 43-, 44-, and 45 kDa. The heaviest immunoreactive bands were no longer detected following incubation with alkaline phosphatase. D: representative Western blots of PanCx43, nonphosphorylated Cx43 (NPCx43), and phosphorylated Cx43 (PCx43) in normal mink STf throughout development (90 -270 days) and the annual reproductive cycle are shown. The PanCx43 antibody recognized 4 bands whose intensity varied throughout the cycle, NPCx43 antibody recognized a band around 42 kDa, and PCx43 detected a band around 43 kDa. D=: quantification of PanCx43, NPCx43, and PCx43 protein levels measured monthly in STf from 90 -270 days after birth and during the annual reproductive cycle are plotted. Values are means Ϯ SE of 6 independent experiments expressed in arbitrary units and normalized to the protein content in the samples. Changes were significant in PanCx43 levels ( †P Ͻ 0.001 120 vs. 90; *P Ͻ 0.05 180 vs. 120, 240 vs. 210 days after birth), NPCx43 (*P Ͻ 0.05 240 days vs. 210 and **P Ͻ 0.01 270 vs. 90 -120 days), and PCx43 levels (**P Ͻ 0.01 180 vs. 150 days). Changes were significant in PanCx43 (**P Ͻ 0.01 Oct. vs. Sept.; ¶P Ͻ 0.02 Dec. vs. Nov; *P Ͻ 0.05 Jan. vs. Dec and April vs. diluted mixture of Karnovsky's fixative (34) in 0.1 M Na cacodylate buffer pH 7.3. Fixed tissues were processed as previously described (51) . Briefly, tissues were postfixed in an aqueous solution of 1% osmium tetroxide-1.5% potassium ferrocyanate, processed in a 1% solution of tannic acid buffered to pH 7.8 with 0.1 M Na cacodylate, stained en bloc in a solution of 5% uranyl acetate in Veronal acetate buffer pH 4.5-5.2, and dehydrated in ethanol and embedded in PolyBed 812 (PolySciences, Warrington, PA). Silver-to-gold thin sections collected on formvar-coated carbon-stabilized grids were examined at 80 kv with a Philips 300 electron microscope.
Freeze-Fracture Replication
Aldehyde-fixed tissues were washed in 0.1 M Na cacodylate buffer pH 7.3 and then cryoprotected in a solution of 30% glycerol in 0.2 M Na cacodylate, pH 7.35 (56) , frozen in liquid Freon 22, and finally fractured in a BAF Balzer apparatus at Ϫ115°C.
Cholesterol Labeling with Filipin
Cholesterol was mapped with Filipin (Polysciences, Warrington, PA) as described earlier (57, 62) .
RESULTS
In the northern hemisphere, mink are born in April-May. Figure 1 provides a calendar of the germ cell's population in 30-day intervals throughout development ( Fig. 1A) and the active and inactive spermatogenic phases of the annual reproductive cycle (Fig. 1A= ) in the normal mink with the corresponding permeability changes in the blood-testis barrier to vascularly infused permeability tracers (50, 63) . Spermatogenesis starts by day 91 after birth and is completed by day 240 after birth by December (50, 63) . Spermatozoa appear in the epididymis roughly 10 days later with completion of puberty. Moreover, the permeability changes in the barrier were related to the canalization of a lumen in the tubule, not to the colonization of the epithelium by a particular generation of germ cells (50) . The measurements of (Fig. 1, D and D=) PanCx43, NPCx43, and PCx43 were aligned to match in time the month-to-month calendar of the germ cell's population and of the permeability changes to visualize the Cx43 dynamics in relation to the different phases of spermatogenic activities.
Cx43 mRNA During Development and the Annual Reproductive Cycle
Northern blot analysis detected 2.8-and a 3.7-kb Cx43 mRNA bands in the STf where the 2.8-kb band appeared somewhat stronger in all age groups (Fig. 1, B and B=) . The Cx43 mRNA bands were weak in 120-day-old samples but strong by 210 -270 days (Fig. 1, B and B=) and again, weak in August but strong by December and January-February (Fig.  1B= ). Cx43 mRNA levels were highest 250 days after birth and in January-March when spermatogenesis was completed (Fig.  1, B and B=) .
Cx43 Protein
Studies on the phosphorylation status in STf and lysosomes subfractions. PanCx43 antibody detected four distinct bands of 42-, 43-, 44-, and 45-kDa, respectively, in the STf (Fig. 1C) . To determine whether the bands were phosphorylated forms of Cx43, 150-day-old and adult mink STf, as well as subcellular fractions of lysosomes obtained from STf were treated either without (control) or with alkaline phosphatase (Fig. 1C) . Western blot analyses of samples treated with alkaline phosphatase failed to detect the heavy Cx43 immunoreactive bands, indicating that these were phosphorylated forms of Cx43 (Fig. 1C) . Phosphorylated and nonphosphorylated forms of Cx43 were detected in STf, as well as in lysosomal subfractions (Fig. 1C) . Next, to determine whether the bands detected contained Cx43 forms either phosphorylated (PCx43) or not (NPCx43) in Ser368, the PCx43 and NPCx43 antibodies were individually reacted, and the membranes were then reprobed with the Pan antibody (Fig. 1D ). STf incubated with NPCx43 antibody recognized a band around 42 kDa corresponding to the Cx43 form not phosphorylated in Ser368, while the fractions incubated with the PCx43 antibody detected the form phosphorylated in Ser368 (Fig. 1D) . As well, NPCx43 and PCx43 were detected in lysosome subcellular fractions (data not shown). PanCx43, NPCx43, and PCx43 during development and the annual reproductive cycle. Different antibodies were used to detect individual forms of the protein, thus rendering comparison between PanCx43, PCx43, and NPCx43 levels impossible. This notwithstanding, the following considerations are possible. The number of PCx43 forms and their amounts varied with spermatogenic activity as evidenced by the different numbers and intensities of the bands in each age group (Fig.  1D) . PanCx43 peaked by 180 days and then resumed back to reach the low 90 day-old levels ( Fig. 1D=) by the onset of adulthood with the completion of spermatogenesis around 270 days (Fig. 1A) . Similarly, high NPCx43 and PCx43 levels prevailed by 180 -210 days and then significantly decreased (Fig. 1D=) . The prime significant PanCx43 protein levels increase recorded in October-November was followed first by a significant decrease from December-March and then by a more modest second PanCx43 increase from April-July while PCx43 increased by April (Fig. 1D=) . The PanCx43, PCx43, and NPCx43 levels showed comparable profiles all reaching lowest values by 240 days and from December-March (Fig. 1D= ) when spermatogenesis was completed (Fig. 1, A and A=) .
Mink with AIO
Cx43 gene expression. Spermatogenesis was arrested at different stages of germ cell development until only spermatogonia and Sertoli cells remained in the most damaged seminiferous tubules where the lumen had collapsed. RT-PCR measurements of Cx43 mRNA expression showed a significant decreased in the STf of mink with AIO compared with normal mink in February (Fig. 1E) . Cx43 mRNA expression was minimal in March (data not shown).
PanCx43, NPCx43, and PCx43 in mink with AIO. PanCx43 and PCx43 levels significantly increased in February but de- creased by March in mink with AIO, while NPCx43 levels showed little changes between orchitic and normal STf (Fig.  1F) . NPCx43/PanCx43 ratios significantly decreased in February but upsurged in March in the orchitic compared with normal STf, while PCx43/PanCx43 ratios did the opposite (Fig. 1F) .
PanCx43 immunolabeling. The specificity of Cx43 immunolabeling was tested using mink heart tissue sections as positive control and preimmune serum and antibodies preadsorbed with a synthetic peptide corresponding to the amino acid sequence 282-297 as negative controls. No reaction product was detected in the negative controls that were reported elsewhere (52) . As well, controls with the primary or secondary antibody alone showed no reaction product. With normal mink PanCx43 labeling was intense near the spermatogonia, spermatocytes, and round spermatids by 200 -210 days after birth ( Fig. 2A) . However, PanCx43 labeling appeared preferentially in the basal third of the epithelium where its distribution was stage specific by 270 days after birth and in February (Fig. 2, B-G) . PanCx43 was detected next to the spermatogonia and preleptotene, leptotene, zygotene, and early pachytene spermatocytes in stages I-VII (Fig. 2, B-D) and near the leptotene and zygotene spermatocytes in stages VIII-XII (Fig.  2, E and F) . PanCx43 labeling was extensive in the intercellular contacts at the base of Sertoli cells in some tubule segments (Fig. 2, G and H) . Lysosomes in the Sertoli cell's trunk were PanCx43 positive (Fig. 2, C and G) . PanCx43 distribution in the tubules during the testicular regression was similar to that detailed above during puberty ( Fig. 2A) . With mink with AIO the entire epithelium was intensely PanCx43-positive in February (Fig. 3A) but not in March, when labeling was confined to the base of the seminiferous epithelium (Fig. 3B) .
PCx43 immunolabeling normal mink. Controls with preadsorbed PCx43 antiserum or with the primary or secondary antibody alone were negative (data not shown). PCx43 labeling was observed next to the early-stages germ cells at the base of the epithelium (Fig. 4, A-C ) and the spermatids (Fig. 4, A and  C) by 270 days after birth and in February. In addition, PCx43-positive vesicles were detected in the trunk of the Sertoli cells by late stage VII (Fig. 4B) but not by stage VIII (Fig. 4C ). With mink with AIO early pathological features of spontaneous AIO included the appearance of multinucleate giant germ cells (Fig. 4D) and exfoliation of the oldest germ cells (Fig. 4, D and E) . Sertoli cells with spermatogonia and scarce spermatocytes remained in tubules and most showed a collapsed lumen by March (Fig. 4F ). PCx43 labeling was apparent in the basal third of the tubules in February (Fig. 4 , D and E) but labeling was weak as AIO progressed in March (Fig. 4F) .
NPCx43 immunolabeling normal mink. Controls with preadsorbed NPCx43 antiserum or with the primary or secondary antibody alone were negative (data not shown). Vesicles and lysosomes in Sertoli cells as well as the Golgi apparatus of the round spermatids were NPCx43-positive but not the plasma membrane (Fig. 5, A and B) . With mink with AIO NPCx43 labeling appeared in the same location (Fig. 5, C and D) as in normal mink except that since most germ cells had left the orchitic tubules by March, NPCx43-positive vesicles were seen essentially in the Sertoli cells (Fig. 5D) .
Germ Cell-Germ Cell Gap Junctions
Splitting open the bilipid interior of cell membranes by freeze fracture allows direct visualization of intramembranous constituents (Figs. 6, C-E and 9, A-E) . The P or protoplasmic fractured face is generally, albeit not always, richer in intramembranous particles than the E fractured face, thus facilitating their distinction. The grooves and their associated rows of particles at the site of the tight junctions are typically and preferentially associated with the E face while the gap junction particles are associated with the P face. Because the two fractured faces are complementary, the grooves viewed on the E face correspond to ridges on the P face, while the gap junction particles correspond to small pits on the E face. The spermatogonia-to-spermatogonia gap junctions viewed in electron microscopy of thin sections (Fig. 6, A and B) with the corresponding images in freeze-fracture replicas (Fig. 6 , C and D) exhibited features that differed from the Sertoli cell-toSertoli cell and Sertoli cell-to-germ cell gap junctions (Fig.  6E) . First, replicated germ cell-germ cell gap junction membranes were identifiable at their small triangular agglomeration of ϳ11 nm intramembranous particles surrounding a central particle-poor spot on the P-fracture face (Fig. 6, C and D) . That the differentiations viewed in replicated membranes belonged to germ cells was assessed by mapping cholesterol using the polyene antibiotic filipin. This compound was shown to induce membrane deformations with different features and patterns in the two cell types (60) . Germ cell-cleaved plasma membranes exhibited plentiful filipin-cholesterol complexes uniformly distributed except over the intercellular contact (Fig. 6D) . By contrast, the complexes were clustered in clumps of 5-30, and the gap junction particles were assembled in rectangular aggregates atop minute ridges on the P-fracture face in Sertoli cell plasma membranes (Fig. 6E) . Germ cell-to-germ cell gap junctions were not exclusive to spermatogonia (Fig. 6, A-D) as they were found among spermatocytes (Fig. 7) .
Sertoli Cell-Sertoli Cell Gap Junction
Electron microscopy of thin sections. Junction dismantling was extensive during the onset of testicular regression (Fig. 8) , thus providing a timely and unique opportunity to investigate a phenomenon that is stage specific and abstruse during the active spermatogenic phase. Several Sertoli cell-Sertoli cell junctional segments lost continuity with the plasma cell membrane and formed frequent internalized annular junctional profiles made up of gap, as well as tight and adhering, junctions (Fig. 8, A and B) . These annular junctions were ringed by assorted lysosome-like vesicles as well as by clathrin-coated and horseshoed saccular profiles, but they were sided by rare subsurface filaments and cisternae of endoplasmic reticulum (Fig. 8A) . Variously sized crystal-like elements and stacks of pentalaminar membranes reminiscent of gap junctions were enclosed in some lysosomes (Fig. 8, B and C) . Sertoli cells contained heterophagic vacuoles and secondary lysosomes with stacks of pentalaminar profiles next to lipid droplets (Fig.  8, A and E) . The massive exodus of germ cells and the collapse of the lumen confined the thin Sertoli cell processes into coils of redundant adjacent plasma membranes containing tight, adhering gap junctions from April to July (Fig. 9, A, C, and D) . The redundant Sertoli cell membranes were PanCx43-positive (Fig. 9D) .
Freeze-fracture studies. The study focuses on the behavior of Sertoli cell-Sertoli cell gap junctions during the annual reproductive cycle. First, in August-November (Fig. 10 , A-C) large particle-poor membrane domains called junction formation plaques covered Sertoli cell-Sertoli cell membranes (Fig10A). Eleven nanometer gap junction particles assembled in clusters of two to five near-minute blebs scattered over the plaques (Fig. 10A) . Gap junction particles then collected into rectangular corridors that became intercalated among the tight junctional furrows developing atop ridges (Fig. 10B) , covering extensive areas of the cell membrane (Fig. 10C) . Second, in January-March (Fig. 10D ) the intercalated gap junction corridors decreased in number while increasing in length (Fig.  10D) . Third, in April-July (Fig. 10E ) the ridges on the Pfracture face showed signs of disorganization assuming meandering rather than parallel patterns over extensive Sertoli cell Fig. 7 . Thin sections of spermatocytes (Sptc) joined by a cellular bridge in an adult mink testis in February. The Sertoli cell processes between each spermatocyte are identified by the letter S. The arrow points to a germ cell-to-germ cell contact, which when viewed at higher magnification in the inset reveals a germ cell-to-germ cell gap junction (arrow). The Sertoli cell processes identified S1 and S2 are facing each other, while the one identified S3 contains 2 clathrin-coated vesicles. Magnification, ϫ49,900; inset: magnification, ϫ67,500. membrane segments (Fig. 10E) . Among the 6.5-to 11-nm particles on the P-fracture face, the larger ones typical of gap junctions aligned next to ridges, were not arrayed in corridors (Fig. 10E) . They appeared instead aside 20 -40 nm fibrillar, rod-shaped particulate junctional elements joined in single-stranded rows along the furrows on the P face (Fig.  10E) . The fibrillar, rod-shaped particulate junctional elements were seen only during the periods when spermatogenesis was not complete during development and the annual reproductive cycle.
DISCUSSION
Development extends over 270 days in mink; thus the neonatal and pubertal periods do not overlap like they do in rodents where the growth period averages 60 days. Precise generations of germ cells colonize the seminiferous tubules at rigorously timed intervals. This study generated tubule-enriched fractions monthly throughout development and the annual reproductive cycle and related the generations of germ cells identified in normal mink tubules to Cx43 mRNA and protein expression and to the different phosphorylation states of Cx43. In addition, since we (63) and others (81, 82) established mink as an invaluable model for the study of autoimmunity, this study identifies the aberrations in these parameters during spermatogenic arrest caused by spontaneous AIO.
Cx43mRNA in Normal Mink
Our detection of 2.8-and 3.7-kb Cx43 mRNA bands does not entail that two proteins with distinct molecular masses should necessarily be anticipated since the two mRNA bands could share the same entire coding sequence for the Cx43 protein. The difference could reside in the untranslated region. Alternatively, existing sequence differences affecting the protein sequence may remain undetected, depending on the antibody we used.
Measurements of Cx43 Gene Expression in STf vs. in Whole Testicular Extracts
We show that Cx43 mRNA levels were low early in development, increasing with the colonization of the tubules by early-stage spermatocytes and the completion of spermatogenesis. In addition, we show that Cx43 gene expression was cyclically downregulated by the onset but upregulated by the zenith of the annual reproductive cycle. Our finding during development contrasts with the report of Cx43 mRNA levels raising by 26 days and then decreasing in the normal adult rat testis (77) . This discrepancy likely stems from the fact that our measurements were performed on STf, while the rat study (77) measured Cx43 mRNA levels in whole testis extracts, an approach that does not allow discernment of Cx43 in the tubules from Cx43 in the interstitial tissue. This is an important consideration because 1) Cx43 temporal expression is not synchronous in these two locations of the testis (52), and 2) the proportion of interstitial tissue in the male gonad is high early in development but significantly decreased by the end, a reality that measuring Cx43 in whole testis extracts does not allow taking into consideration.
Germ Cell-To-Germ Cell Gap Junction
To date, only two reports have addressed the issue of germ cell-to-germ cell junctions. The report of reduced dye coupling in the primordial germ cells (PGCs) of Cx43 knockout mice (22) suggests that direct coupling of PGCs is, in part, mediated by Cx43. PGCs appears to first interact with other cell processes before aggregating into extensive cellular networks through direct cell-to-cell contacts and then migrating from the extra embryonic endoderm to the genital ridge (23) . Another investigation showed that PGCs were gap-junction competent, although it did not detect dye transfer in the cells (22) , suggesting other functions besides intercellular communication for cell-to-cell contacts. Here, using a filipin labeling to differentiate the germ cell from Sertoli cell plasma membranes in freeze-fracture replicas, we provided the first morphological evidence of gap junctions joining germ cells. Although the molecular identity of Cxs in the gap junctions at these sites remains to be clarified by immunolabeling, the role of germ cell-to-germ cell gap junctions is enigmatic, since regulatory molecules have direct access to the mitotic and early-stage germ cells basal to the blood-testis barrier. Cxs of different identity in specific generations of germ cells could impose distinctive capacities to interact with other connexins in neighboring cells susceptible to impinge on the gap communication among the connected cells and influence the growth and division of particular cohorts of germ cells. Alternatively, the transmission messages to the late-stage germ cells located lumenally to the blood-testis barrier may involve Sertoli cellgerm cell gap junction-mediated communication to ensure ionic and biochemical coupling for adequate responses to hormones and other factors.
Cx43, Germ Cell Mitosis, and the Acquisition of Meiotic Competence
In addition to the molecular identity of Cxs, mRNA and/or protein expression levels and the phosphorylation state of the individual Cxs available will influence the gap communication of the many germ cells connected with the same Sertoli cell. This may constitute an efficient mechanism to locally modify intercellular communication in function of the individual stage of germ cell development and to regulate the acquisition of meiotic competence and the Sertoli cell differentiation. Following the early stages of life, mink shows two spermatogonial : A, ϫ78,300; B, ϫ8,120; C, ϫ62,350. stem cell proliferation periods: one by the onset of puberty (120 days after birth) and a second at the start of each annual reproductive cycle (August) (Fig. 1, A and A=) (50, 63) . We found that Cx43 mRNA and protein levels were both low during these two proliferation periods but that they increased during the period of colonization of the seminiferous tubules by the early-stage spermatocytes. The onset of the meiosis was accompanied by a peak in tubular Cx43 protein levels as if the two events were related. Our observation is consistent with the localization of Cx43 mRNA to primary spermatocytes (72) and spermatogonia (6, 9, 72) . Our observation of low Cx43 mRNA and protein levels during the two spermatogonial stem cell proliferation periods is in line with the concept that the cells' ability to communicate through gap junctions is inversely related to their growth activity (70, 71) , with the mitotic cells being weakly coupled among themselves, and with other in- terphasic cells in most systems (24, 48) . Our observation is in agreement with the report that early-stage germ cells proliferated in Cx43 knockout testicular grafts (69) and with the finding that the conditional knockout of Cx43 solely in Sertoli cells allowed proliferation of early spermatogonia but not the completion of spermatogenesis (11, 76) . Moreover, Cx43 knockout exhibited germ cell deficiency, and the Cx43 protein was required for PGC survival in mice (22) . The proportion of Cx43 contributed by spermatogonia to the total pool of Cx43 we measured in STf was likely very low early in the development and in the annual reproductive cycle compared with the proportion of Cx43 contributed by the considerably more numerous Sertoli cells during the same periods, assuming individual contacting somatic and germinal cells each contribute the same amounts of hemichannels to the cell surface. The peaks in total Cx43 we observed by 180 days and in OctoberNovember corresponded to the two time periods that were reported to show a switch from mitotic to meiotic cellular division in the normal mink (Fig. 1, A and A=) . Moreover, these two rises in Cx43 protein levels took place during the proliferation of particular generations of germ cells, while Cx43 protein levels decreased during adulthood and the zenith of spermatogenic activity, indicating that these punctual increases were stage-specific events seemingly related to the acquisition of meiotic competence.
Cx43 Gene Expression and Sertoli Cell Mitosis
Two Sertoli cell proliferation periods have been identified during development in all species studied: 1) the fetal or neonatal life (depending on the species) and 2) the peripubertal period (75) , providing scientific basis for a similar occurrence in mink. The observation that the helix-loop-helix inhibitor of differentiation proteins induced postmitotic terminally differentiated Sertoli cells to re-enter the cell cycle and to proliferate (15) and the demonstration that adult mouse and human Sertoli cells were arrested proliferating cells, not postmitotic terminally differentiated somatic cells (1), provide conclusive evidence that Sertoli cells do not stop proliferating in the adult testis as this has been advocated for years (13, 75, 78) . The conditional knockout of Cx43 solely in Sertoli cells causes these cells to proliferate in mice (10) . Cyclic increases in Sertoli cell numbers were reported in other seasonal breeders (29) . However, whether the October-November rise in Cx43 protein expression is or is not accompanied by an increase in Sertoli cell numbers remains to be established in the mink.
Cx43 Gene Expression and Sertoli Cell Differentiation
We found that Cx43 mRNA and protein levels were low during the periods when mink seminiferous tubules displayed a collapsed lumen with no competent blood-testis barrier and only Sertoli cells and spermatogonia remaining (120 days after birth and in August) but that Cx43 gene expression was upregulated during the periods when the recanalization of a tubular lumen and the re-establishment of a competent bloodtestis barrier occurred (210 -270 days and in December-February) (Fig. 1, A and A=) . This indicates a relation between Cx43 mRNA expression in the tubules and the acquisition of Sertoli cell polarity as a sign of cellular differentiation in the mink. The conditional knockout of Cx43 solely in Sertoli cells impaired their maturation in mice (10). The Cx43 labeling, which was abundant in junctional membrane segments at the base of contiguous mink Sertoli cells during the zenith of spermatogenic activity (Fig. 2, G and H) is indicative of an accumulation of the protein at this site during the phase of restoration of Sertoli cell polarity and maturation. Significantly, we found that Cx43 protein levels increased concomitantly with Cx43 mRNA levels up until 240 days and again from August to December but not afterward, when Cx43 mRNA levels remained elevated despite the protein levels decreasing with adulthood and during the zenith of spermatogenic activity. This observation reveals that gene transcription and translation are not always synchronous since an increase in the first was not accompanied by a proportional increase in the second during these time periods. Each molecular mechanism may be regulated by different factors in the tubules. Increasing Cx43 protein amounts were accompanied by increased Cx43 mRNA levels early in the development and the reproductive cycle; however, when high protein levels were reached the levels of the phosphorylated isoforms of Cx43 varied, while the mRNA levels remained high, suggesting an increase in the protein disposal.
Cx43 Expression and Phosphorylation in Normal vs. Orchitic Mink
Our observation of a high Cx43 gene expression was matched with Cx43 protein levels that decreased from 210 -270 days and from December-March in normal mink tubules confirms our earlier report of total Cx43 levels falling with adulthood in mouse tubules (84) . This decrease in Cx43 protein levels despite elevated Cx43 mRNA levels signifies that either lesser Cx43 protein amounts were synthesized or greater amounts were lost through degradation or through other means during these periods. Connexins are metabolically labile (46) . Intercellular communication can be regulated at the level of connexin turnover (21) . However, before they can be degraded by proteasomes/lysosomes, the proteins must undergo a multistep targeting process during which the substrate is distinguished from other wild-type molecules by posttranslational tagging e.g., a change in phosphorylation and/or protein-protein interaction that facilitates the addition of polyubiquitin chains and marks it for destruction (16) . The efficiency with which connexins are targeted for proteosomal degradation will influence their selective capacity to interact with other connexins in neighboring cells, modifying their abilities to form heterotypic gap junction channels (12) and impinging on their communication competence (49) . The modification of the Cx43-mediated passage of regulatory molecules to individual cells through phosphorylation may influence the acquisition of meiotic competence in the normal testis.
Cx43 modifies its phosphorylation state and subcellular localization throughout its life cycle and in response to stimuli such as hormones and cytokines (44) that can operate a gating mechanism by stimulating posttranslational phosphorylation/ dephosphorylation of gap junctions (17, 41, 46) . Specifically, we showed that the proinflammatory cytokine TNF-␣ influences Cx43-mediated intercellular communication by inducing both the synthesis as well as a transient degradation of Cx43 in cultured cells (21) . We have reported abnormal hormones and cytokines profiles in the mink plasma and seminiferous tubules arising from AIO (3, 63) . Thus, the abnormalities in total Cx43 and PCx43 shown here in the orchitic mink tubules may be one of the several consequences of the increased TNF-␣ and TNF-␣ RI levels that we documented in the orchitic STf (3). Our finding that Cx43 mRNA decreased, while total Cx43 levels increased, in February is indicative of a transcriptional regulation being modified early in AIO. On the one hand, total Cx43 and PCx43 concomitantly raised in February, suggesting an increase in the protein degradation in the early phase of AIO. On the other hand, the decline in total Cx43 in March is indicative of reduced numbers of interconnected cells, while the concomitant fall of total Cx43 and PCx43 indicates a massive protein loss due perhaps to the exhaustion of the synthesis or to the exacerbation of the degradation of the protein in the late phase of AIO. Our finding of a weakly PCx43-labeled plasma membrane during this phase is indicative of an altered degradation and recycling processes through the proteosome/lysosome pathways (21) and of changes in the intracellular trafficking of Cx43, since phosphorylation of the protein was shown to occur before reaching the plasma membrane where the protein has been reported to be mainly phosphorylated (44, 47) .
Cx43 and Apoptosis
Cx43 is known to affect cellular growth and polarity but, our data raise the question, does it influence cell death? Nearly 75% of the potential number of spermatozoa are lost in normal testis (27) through apoptosis. Our quantification by ELISA of mononucleosome-and oligonucleosomes-bound DNA in the cytoplasmic fraction of STf homogenates has identified three peaks of apoptosis levels: 1) from 240 -270 days after birth, 2) in March, and 3) in July in the normal mink (63) . Significantly, these three time periods showed high tubular Cx43 mRNA levels, while Cx43 protein levels varied seasonally with the germ cell population. That the upregulation of Cx43 gene expression may in part be related to Sertoli cell differentiation is suggested by our observation that the reduced Cx43 mRNA levels in February, which were even further reduced in March (R-M Pelletier, L Chen, and ML Vitale, unpublished observations), were accompanied by a phenotype reminiscent of the Sertoli-cell-only syndrome, showing a collapsed lumen and spermatogonia only remaining during the advanced stages of AIO (63) . Furthermore, our finding is consistent with the report of trace amounts of Cx43 protein synthesis and mRNA expression in whole testis extracts of Sertoli-cell-only syndrome patients (20) and with the observation that male mice in which the coding sequence of Cx43 had been replaced by that of either Cx32 or Cx40 presented a Sertoli-cell-only phenotype (65). The collapse of the lumen indicates a loss of Sertoli cell polarity and differentiation arising from spontaneous AIO. In fact, we have shown that spontaneous AIO acted on Sertoli cells where it caused imbalances in phagocyte receptors and cytokines that resulted in an overload of apoptotic and giant cells without affecting tubular apoptosis levels in the early stages of the disease (63) .
Freeze-Fracture Studies
During the periods when spermatogenesis was not complete, freeze-fractured Sertoli cell junctions showed distinctive rodshaped particulate junctional elements singly or joined in rows on the P face in addition to the usual 11-nm gap junction particles. Although future labeling experiments of the bacillusshaped particulate elements will inform on their identity and nature, their appearance may not be related to a change in the phosphorylation state of Cx43 in Ser368, since phosphorylation changes reported in rodents, which appeared reminiscent of the ones seen here in the mink, were not accompanied by the emergence of bacillus-shaped particulate elements (56) .
Perspectives and Significance
Spermatogenesis requires Cx43. The pairing of hemichannels individually contributed to the cellular surface by the contacting cells of the seminiferous epithelium results in gap junctional channels assembled into junctional plaques. It has been firmly established that Cx43-mediated gap junction join Sertoli cells among themselves as well as Sertoli cell-to-germ cells. However, our finding of gap junctions joining adjacent germ cells in the adult normal testis is novel. Although the identity of gap junctions at the sites of germ cell-to-germ cell contacts remains to be clarified, our finding of germ cell-togerm cell connections paves the way to the discovery of unsuspected intercellular communications among germ cells putatively mediated by connexins distinct from Cx43 and, when present in certain generations of germ cells, should command unique interaction with other connexins in neighboring cells and impinge their behavior and the dynamics of spermatogenesis. This study examines the crosstalk between Cx43 gene transcription, translation, and posttranslational phosphorylation and its impact on the germ cell and somatic Sertoli cell growth as well as on the Sertoli cell differentiation during the normal development and annual reproduction cycle. In addition, the study identifies abnormalities in this crosstalk arising from spontaneous AIO. The data presented show that Cx43 protein expression is a stage-specific event and suggest an influence of the expression, translation, and posttranslational phosphorylation of Cx43 on the acquisition of meiotic competence. Furthermore, the results highlight a relation of the upregulation of Cx43 gene expression and Sertoli cell differentiation. The findings indicate that imbalances in phagocyte receptors or cytokines acting on Sertoli cells and leading to the breakdown of self-tolerance and to the arrest in spermatogenesis arising from AIO transiently modifies the synthesis and the degradation of Cx43 that could result in changes in Cx43-mediated intercommunication susceptible of influencing the issue of spermatogenesis.
